Poly(3-hydroxybutyrate) [P(3HB)] and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] are produced by various microorganisms as an intracellular carbon and energy reserve from agricultural feedstocks such as sugars and plant oils under unbalanced growth conditions. P(3HB) and P(3HB-co-3HV) have attracted the attention of academia and industry because of its biodegradability, biocompatibility, thermoplasticity, and plastic-like properties. This review first introduced the isodimorphism, spherulites, and molecular interaction of P(3HB) and P(3HB-co-3HV). In addition, the effects of 3HV content on the melting temperature and crystallization rate were discussed. Then the drawbacks of P(3HB) and P(3HB-co-3HV) including brittleness, narrow melt processing window, low crystallization rate, slow biodegradation rate in body, and so on were summarized. At last, the preparation, structure, and properties of P(3HB) and P(3HB-co-3HV) fiber were introduced.
Introduction
Polyhydroxyalkanoates (PHAs) are a kind of biodegradable and biocompatible polyesters produced by various microorganisms as an intracellular carbon and energy reserve from agricultural feedstocks such as sugars and plant oils under unbalanced growth conditions [1, 2] . The ideal life cycle of microbially-produced PHAs is a closed-loop process. Plants such as corn, sugarbeet, or wheat use the sun's energy to convert water and carbon dioxide in the atmosphere into sugar inside the plant tissue via photosynthesis. These plants are subsequently processed to yield sugar that serves as the feed to a microbial fermentation process, in which microbes accumulate polymer as intracellular granules. Once the cells are harvested, the polymer is extracted, concentrated, and dried. It can then be processed to make useful products by different methods including injection molding, blow molding, melt spinning, and so on. Under normal conditions, these products are stable. However, when placed in a microbiallyactive environment such as a compost heap, which has high temperature and high humidity, they will biodegrade. Ideally, this process occurs aerobically, yielding water and carbon dioxide in the same proportions that were originally used in the photosynthesis [3, 4] .
Poly (3-hydroxybutyrate) [P(3HB)] and poly(3-hydroxybutyrateco-3-hydroxyvalerate) [P(3HB-co-3HV)] are the most studied polyesters in the PHA family [5] . The chemical structures of P(3HB) and P(3HB-co-3HV) were shown in Figure 1 . The biodegradability behavior of P(3HB) and P(3HB-co-3HV) depended on the composition of the polymer, the environment conditions, and specimen shape [6] [7] [8] [9] [10] [11] . P(3HB) biodegraded at a rate of 3.6 wt% per week in activated sludge, 1.9 wt% per week in soil, 1.5 wt% per week in lake water, and 0.8 wt% per week in Indian Ocean sea water [10] . The degradation rates for P(3HB-co-40 mol% 3HV) were 17.8 wt% per week in activated sludge, 6.7 wt% per week in soil, 3.2 wt% per week in lake water, and 2.7 wt% per week in Indian Ocean sea water [10] . Weng et al. [11] studied the biodegradation behavior of P(3HB-co-3HV) with different HV content under controlled aerobic composting conditions according to ISO 14855-1. The order of biodegradability was P(3HB-co-40 mol% 3HV)> P (3HB-co-20 mol% 3HV)> P (3HB-co-3 mol% 3HV)> P (3HB). Li et al. [12] found that P(3HB-co-3HV) degraded faster than P(3HB) in a medium with PHA depolymerase. However, Boyandin et al. [13] studied microbial degradation of polyhydroxyalkanoates in tropical conditions by microbial communities of Vietnamese soils in locations close to Hanoi and Nha Trang. The results showed that P(3HB) was degraded at higher rates than P(3HB-co-3HV). In addition, they found that the average rates of mass loss were 0.04-0.33% per day for films and 0.02-0.18% for compact pellets. PHA degradation was accompanied by a decrease in the polymer molecular mass and, usually, an increase in the degree of crystallinity. The biocompatibility of P(3HB) and P(3HB-co-3HV) has been studied by a large number of research groups and has been found to have low toxicity, in part due to the fact that it degrades in vivo to D-3-hydroxybutyrate, a normal constituent of human blood [14] [15] [16] . Moreover, the P(3HB) and P(3HB-co-3HV) polymers, being saturated polyesters, behave similarly to conventional petroleum derived thermoplastics such as polypropylene (PP) and polyethylene (PET) [5] . In addition, P(3HB) and P(3HB-co-3HV) are thermoplastic, which can be melt processed into a wide variety of consumer products including plastics, films, and fibers [17] . Because of thermoplastics, renewability, biodegradability, good biocompatibility, and mechanical properties similar to PP and PET, P(3HB) and P(3HB-co-3HV) have recently attracted much public and industrial interest as substitute of the fossils fuels. They have been evaluated for a variety of applications, which include environmentally friendly materials and biomedical materials for controlled release, surgical sutures, wound dressings, lubricating powders, tissue engineering, and so on [18, 19] .
Up to now, there are a number of reviews on P(3HB) and P(3HB-co-3HV). These reviews cover biosynthesis [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , biodegradation [32] [33] [34] [35] , chemomechanical properties [36] , blends [37] [38] [39] , and application [40] [41] [42] [43] [44] [45] . However, some new results were reported on crystallization behavior and crystalline structure. In addition, few reviews on drawbacks and fiber of P(3HB) and P(3HB-co-3HV) have been done. Therefore, in this review, literatures on drawbacks and fiber of P(3HB) and P(3HB-co-3HV) and some new results on crystallization behavior and crystalline structure of P(3HB) and P(3HB-co-3HV) will be reviewed.
Crystallization Behavior and
Crystalline Structure 2.1. Isodimorphism. The most common crystal structure of the P(3HB) and P(3HB-co-3HV) is the -form, which is produced under the typical conditions of melt, cold, or solution crystallization [36] . The unit cells belong to orthorhombic, P2 1 2 1 2 1 (D 2 4 ) ( = = = 90 ∘ ) with = 0.576 nm, = 1.320 nm, and = 0.596 nm (fiber repeat) for P(3HB) and = 0.952 nm, = 1.008 nm, and = 0.556 nm (fiber repeat) for P(3HV) [46] . P(3HB-co-3HV) crystallizes either in a P(3HB) or P(3HV) crystal lattice. The monomer units of one type are partially included in the crystal lattice of the other and vice versa [46] [47] [48] [49] . Kunioka et al. [46] reported that P(3HB-co-3HV) from 0 to 37 mol% crystallized in the P(3HB) lattice, while those with the 3HV composition from 53 to 95 mol% crystallized in the P(3HV) lattice. The transformation from the P(3HB) lattice to the P(3HV) lattice occurred at approximately 40 mol% 3HV. This phenomenon was called isodimorphism. Bloembergen et al. [48] reported that the transformation happened at about 30 mol% 3HV. Scandola et al. [47] found that the value was 41 mol%. In the copolymer containing 41 mol% 3HV units, P(3HB)-and P(3HV)-type crystals coexisted. The composition of this copolyester corresponded to the so-called pseudoeutectic, where the crystalline phase of an isodimorphic system changed from the characteristic of one homopolymer to that of the other. It was expected that the two crystals were found side by side close to the pseudoeutectic.
Kunioka et al. [46] measured spacings of the (110), (020), and (002) plane of P(3HB) and P(3HB-co-3HV). The (110) spacing apparently increased as the 3HV content increased to 37 mol% because the ethyl side chains of 3HV units expanded the (110) plane of the P(3HB) lattice. The (020) and (002) spacings remained unchanged. Therefore, only the parameter of the unit cell changed. Similar results were obtained by Bluhm et al. [49] . For P(3HB-co-3HV) with 3HV = 53∼95 mol%, all spacings were invariant in the P(3HV) lattice [46] . However, Scandola et al. [47] found that in the P(3HB)-type phase, both and unit cell dimensions underwent a moderate but gradual increase with increasing 3HV content. In regards to the copolymers crystallizing in the P(3HV) lattice, it was found that replacement of 3HV with 3HB units induced a decrease of the parameter, in agreement with the smaller steric hindrance of the methyl side chain. The expansion of the P(3HB) lattice on increasing 3HV content was larger than contraction of the P(3HV) unit cell on introduction of 3HB units. In addition, Barker et al. [50] found that the amount of cocrystallization of 3HV in International Journal of Polymer Science 3 the P(3HB) crystal structure decreased with the increase of the crystallization temperature. Yoshie et al. [51] found a structural transition at ca. 10 mol% HV in P(3HB-co-3HV). The composition dependence of spherulite growth rate, crystallinity, lamella thickness, 3HV content in the crystalline phase, and the melting temperature changed discontinuously at ca. 10 mol% HV [51] .
For P(3HB-co-3HV), the crystallinity degree ( ) decreased when the relative fraction of foreign monomer units becomes larger. The P(3HB) lattice, where the crystalline fraction changed from 73% [P(3HB)] to 52% [P(3HB-co-34 mol% 3HV)] was more sensitive to commoner inclusion than the P(3HV)-type phase, where = 68% and 60% for P(3HB-co-95 mol% 3HV) and P(3HB-co-55 mol% 3HV), respectively [47] . Although of P(3HB-co-3HV) changed with composition, P(3HB-co-3HV) owned high (>50%) when 3HV content changed from 0 to 95 mol% because of isodimorphism [51] . The melting temperature ( ) of P(3HB-co-3HV) had its minimum value at the transformation composition.
s of P(3HB-co-3HV) with different 3HV content are listed in Table 1 [52] .
For P(3HB-co-3HV), the crystallization rate strongly depended on copolymer composition. When 3HV content was below the composition where the crystalline phase changed from the P(3HB) to the P(3HV) lattice, the crystallization process markedly slowed down with the increase of 3HV content. When 3HV content was above the composition where the crystalline phase changed from the P(3HB) to the P(3HV) lattice, the crystallization rate of P(3HB-co-3HV) increased with the increase of 3HV content [47] . The crystallization rate depends on both rates of nucleation and crystal growth. In the P(3HB-co-3HV) sample that crystallized in the P(3HV) lattice, the ethyl side chains of 3HV units prevented crystallization of P(3HB) lattice due to the steric effects. Both the rates of nucleation and crystal growth were much slower than those of P(3HB) homopolymer [46] . In contrast, both the rates of nucleation and crystal growth were not affected by the methyl side chains of 3HB units in the P(3HB-co-3HV) sample that crystallized in the P(3HV) lattice [46] . The crystallization rate decreased in the following series: P(3HB) ≈ (3HB-co-83 mol% 3HV) ≫ (3HB-co-21 mol%3HV) [46] .
In addition, it is worth noting that another kind of crystal exists in P(3HB) and P(3HB-co-3HV), called -form crystal. The -form crystal is a strain-induced paracrystalline structure of highly extended chains corresponding to a twisted planar zigzag conformation, which has been reviewed by Laycock et al. [36] .
Spherulitic Morphology.
For P(3HB) and P(3HB-co-3HV), nonbanded spherulites or banded spherulites could be formed, which was determined by crystallization conditions. Ding and Liu [53] observed the spherulites morphologies of P(3HB) crystallized isothermally from thin melt film with different crystallization temperatures. It was found that the nonbanded spherulites could be observed at lower and higher crystallization temperatures, and the banded spherulites were formed usually at an intermediate range. With the increase Table 1 : The relationship between melting temperature ( ) of P(3HB-co-3HV) and the content of 3HV [52] . ( max , at which the copolyester exhibited the maximum spherulite radial growth rate), the band spacing increased rather markedly with crystallization temperature [47] . Jiang et al. [54] found that the surface of the banded spherulites of P(3HB-co-3HV) consisted of concentric ridges and valleys by tapping-mode AFM. The ridge surfaces in AFM images corresponded to the bright rings in the POM images. At the ridges, the lamellae were aligned in the edge-on orientation. At the valleys, the lamellae were arranged in the flat-on orientation and the surface was covered by a very thin layer of loose loops and protruding cilia. It was reported by Ding and Liu [53] that the change of the ratio of the crystallization rate (] ) and the diffusion (] ) would result in the transition of the spherulitic morphologies. The actual morphology and structure of the spherulites depended on the ratio between diffusive displacement of chains and crystallization rate. This ratio, in turn, could be controlled by a suitable choice of the crystallization temperature and thin film thickness for polymer thin film crystallization. For P(3HB) crystallization from thin melt film, three relationships of ] and ] could be considered, which were schematically drawn in Figure 2 . Firstly, when the crystallization temperature was low or high, the value of ] was more than that of ] . The nonbanded spherulites were commonly formed. Secondly, when the crystallization temperature was an intermediate range, the value of ] was less than that of ] . The banded spherulites with ridge and valley structures formed periodically on the spherulitic surface are commonly formed. The third was ] = ] , which was located at the intersections of diffusion displacement and chain crystallization curves. There were two intersections located at lower and higher temperatures. When P(3HB) crystallized near the higher temperature intersection, the banded spherulite was still formed but the banding was distorted to highly zigzag irregularity. At the vicinity of the lower temperature intersection, the spherulitic morphology was also distorted banding but the band spacing was too small to observe. Ding and Liu [53] thought that the banded spherulites formed in the thin films might mainly come from lamellar twist and rhythmic crystal growth. The overall growth rates at ridges and valleys which appeared periodically on the surface of the spherulite were different obviously. The band spacing was proportional to the diffusion length of melt molecules and increased with an increase in crystallization temperature. With further increase of crystallization temperature, the ring band was mainly caused by the lamellar twist. Wang et al. [55] investigate the link between configurational chirality and twist sense of lamellar crystals. The twist senses of P(3HB-co-3HV) lamellae with 0 mol% [P(3HB)] and 8 mol% 3HV were left-handed, but the ones of P(3HB-co-3HV) with 12 and 40 mol% 3HV were righthanded, which were the same as that of P(3HV). P(3HB-co-3HV), only increasing 3HV amount from 8 to 12 mol %, reverses the twist sense. In addition, Liu et al. [56, 57] observed special spherulitic morphologies in two kinds of double crystalline block copolymers based on P(3HB-co-3HV), including P(3HB-co-3HV)--PEG [named PHEG , in which stood for the number-average molecular weight ( ) of the corresponding reagent PEGs] and P(3HB-co-3HV)--PCL (named PHCLy, in which y stood for the weight percent of PCL units). The banded structure also could be observed in PHEG1000. However, the banding spacing in PHEG1000 spherulites was narrower than the one in P(3HB-co-3HV), which was shown in Figure 3 . In PHEG1000 banded spherulites, PEG1000 (PEG with of 1000) was melt. The spherulite template and concentric spherulites could be observed in PHEGs and PHCLs because of the crystallization competition between one crystalline block and the other crystalline block, which was shown in Figure 4 . In Figures 4(a)∼4(c) , the first grown spherulite acted as a template for the spherulite growth of the other block. When PHEG4000 crystallized isothermally at 36 ∘ C, the concentric spherulites could be observed (Figure 4(d) ). The formation process of PHEG4000 concentric spherulite was shown in Figure 5 .
Molecular Interaction.
In the crystal structure of P(3HB), the distance between the O atom of the C=O group and the H atom of the CH 3 group was 2.63Å, which was shorter than the van der Waals separation (2.72 ∘ ) [58, 59] . The CH 3 asymmetric stretching band of P(3HB) appeared at an unusually high frequency (∼3007 cm −1 ) [59] [60] [61] . This indicated that the inter-or intra-C-H⋅ ⋅ ⋅ O=C hydrogen bonding between the CH 3 group of one helix and the O=C group of another helix in P(3HB) existed. Sato et al. [52] also studied the weak molecular interaction of P(3HB-co-3HV) copolymers. The results showed that P(3HB-co-3HV) copolymers with low HV content have CH 3 ⋅ ⋅ ⋅ O=C hydrogen bonds in P(3HB) lattice, whereas P(3HB-co-3HV) with high 3HV content has CH 2 ⋅ ⋅ ⋅ O=C hydrogen bonds in P(3HV) lattice. When 3HV content of P(3HB-co-3HV) corresponds to the region of transition of the crystal structure from the P(3HB) type to the P(3HV) type, there are only weak intermolecular interactions between a C=O group and either a CH 2 group or a CH 3 group. The CH⋅ ⋅ ⋅ O=C hydrogen bonding stabilizes the chain folding in the structure of P(3HB) and P(3HB-co-3HV), and the high crystallinity of P(3HB) and P(3HB-co-3HV) partly comes from the CH⋅ ⋅ ⋅ O=C hydrogen bonding.
Drawbacks
The 3HV content of commercial P(3HB-co-3HV) is below 20 mol%. It can be seen from Table 1 [52] that the melting temperature of commercial P(3HB-co-3HV) was beyond 150 ∘ C. In addition, P(3HB) and P(3HB-co-3HV) were unstable above 160 ∘ C mainly by nonradical, random chain scission (cis-elimination) reaction, which resulted in a drastic reduction in molecular weight during melt processing. Therefore, the melt processing window of P(3HB) and P(3HB-co-3HV) was narrow [2, 62] . P(3HB) and P(3HB-co-3HV) are brittle materials, which makes them unsuitable for some applications. The probable causes are as follows [1, [63] [64] [65] [66] [67] . Firstly, bacterially synthesized P(3HB) and P(3HB-co-3HV) are completely isotactic stereoregular polyesters; they have a high tendency to crystallize. Secondly, the secondary crystallization will happen during storage at ambient temperature due to low glass transition temperature ( ) (∼5 ∘ C) of P(3HB) and P(3HB-co-3HV). Thirdly, the nucleation density of P(3HB) and P(3HB-co-3HV) is low because of high purity, which results in the formation of extremely large-size spherulites. The largesize spherulites and the secondary crystallization lead to interspherulitic cracking during storage of the polymer at room temperature, which is commonly known to impair the mechanical properties of the materials.
The crystallization rate of P(3HB) and P(3HB-co-3HV) is low because of low nucleation density. Bloembergen et al. [48] found that a melt-quenched P(3HB-co-3HV) sample containing 20 mol% HV was still amorphous after 15 min. Hu et al. [61] studied the isothermal melt-crystallization behavior of P(3HB-co-3HV) at 125 ∘ C. The results showed that the halftime for the crystallization, 1/2 , was 60 min or so. The low crystallization rate of P(3HB) and P(3HB-co-3HV) would make their films or fibers stick to themselves during melt processing.
In addition, P(3HB-co-3HV) does not readily degrade in the body because of its high crystallinity and hydrophobicity; thus it is unsuitable for short-term drug carriers, tissueengineering scaffolds, and so on [68, 69] .
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P(3HB) and P(3HB-co-3HV) Fiber
Only a few groups studied the preparation, structure, and properties of P(3HB) and P(3HB-co-3HV) fibers. Gordeyev et al. [70] obtained as-spun P(3HB) fibers with preorientation by melt spinning and drawing as quickly as possible while still hot. The preorientated as-spun P(3HB) fibers could be drawn to high draw ratios (DR) even after several weeks of storage at room temperature. In addition, they prepared the annealed P(3HB) fiber by following procedures. At first, the preorientated as-spun P(3HB) fibers were drawn to a total DR of about 8 at 110 ∘ C. Then the drawn sample, extended to 80% of its initial length at room temperature, was annealed at 155 ∘ C for 1 h to obtain the annealed fiber. The tensile strength and Young's modulus of the annealed fiber were 190 MPa and 5.6 GPa, respectively. Moreover, they [71] prepared P(3HB) fiber by gel spinning process. The processing temperature in the gel-spinning process was lower than the one in the melt spinning process, which could reduce the thermal degradation of P(3HB). Tensile strength, static modulus, and strain at break of the P(3HB) fiber prepared by gel spinning could reach 360 MPa, 5.6 GPa, and 37%, respectively.
Schmack et al. [72] prepared P(3HB) fibers by high-speed melt spinning and drawing, respectively. They found that the textile physical properties (elongation at break, tensile strength, and Young's modulus) depended on the spinning speed and the DR. When the DR was low, the fibers were brittle and had no significant elongation at break and tensile strength. When the DR was high, the fibers owned high tenacity, high modulus, and an acceptable elongation at break. The maximum tensile strength, the modulus, and elongation at break in the drawn fibers were about 330 MPa, 7.7 GPa, and 37%, respectively. When the drawn fibers with high DR were conditioned at room temperature for 3 days and 3 months, neither embrittlement of the fibers nor deterioration of the fiber properties due to the secondary crystallization took place to a large extent. The reasons were as follows. The fibers spun at high speeds and high DRs possessed orthorhombic ( modification) and hexagonal ( modification) crystals. The latter was attributed to stressinduced crystallization. The fiber structures formed during these processes were fibril-like, which resulted in the good mechanical properties. The fibers obtained by a low DR had spherulitic structures, which led to poor textile physical properties.
Yamane et al. [73] prepared P(3HB) fibers using P(3HB) containing some contaminate such as protein and lipid from the culture medium as raw materials by melt spinning, cold drawing, and annealing. They found that as-spun fibers could be cold-drawn at 110 ∘ C only immediately after melt spinning. The maximum DR achieved at this drawing temperature was six times. Drawn P(3HB) fibers were stable and no longer changed their thermal and mechanical properties significantly upon storage at room temperature. The properties of P(3HB) fibers depended significantly on the annealing conditions. The strength of fibers annealed without tension was lower than that of unannealed fibers. Annealing under 50 MPa in tensile stress at any temperature examined kept the strength of the fibers close to that of the unannealed fiber. Annealing under 100 MPa increased the strength largely and the strength increased with the increase of the annealing temperature. Annealing at 125 ∘ C under 100 MPa in tensile stress produced the fiber with the highest -form content and the maximum strength. The modulus of the annealed fibers tended to be higher than that of the unannealed fiber, except for the fiber annealed with tension at 150 ∘ C. This is due to the crystallization that occurred during the annealing process. In addition, they found that tie molecules between the -form lamellae in the fiber annealed at high temperature under high tension recrystallized into the -form. The amorphous tie molecules transformed into orthorhombic crystal during the annealing process without tension.
Vogel et al. [74] prepared P(3HB) fiber by a high-speed melt spinning process using -cyclodextrin/polymer inclusion complexes as nucleation agents. The results showed that nucleation of P(3HB) within a melt spinning process could be achieved by using -cyclodextrin/polymer inclusion complexes. And the fibers nucleated with -cyclodextrin/polymer inclusion complexes exhibited no stick between the single fibers of a multifilament yarn.
Furuhashi et al. [75] prepared P(3HB) fibers by quenching the spinline of P(3HB) below its using ice/methanol bath (−40 ∘ C) to keep the amorphous state and drawing it just above in rubbery state to obtain molecular orientation, then conducting further drawing and annealing procedures at higher temperature. The highest tensile strength and tensile modulus of the obtained P(3HB) fibers were 416 MPa and 5.2 GPa, respectively. They found that the -from crystal was formed not only from the tie chains betweenform lamella, but also from completely free amorphous chains.
Iwata et al. [76] prepared strong P(3HB) fibers from ultra-high-molecular-weight P(3HB) [UHMW-P(3HB)] by cold-drawing and two-step drawing. The amorphous fibers were obtained by quenching the melt-spun fibers of UHMW-PH(3HB) into ice water. The cold-drawing of an amorphous fiber of P(3HB) was possible easily and reproducibly at a temperature below but near to of 4 ∘ C in ice water with two sets of rolls. Only chain orientation and slide occurred without crystallization during the cold-drawing. The cold-drawn amorphous fibers were kept at room temperature for several minutes to generate the crystal nucleus, and then two-step drawing was applied with a stretching machine at room temperature. The cold-drawn fibers were drawn at very low stress by more than 1000%, and then an annealing procedure was used to fix the extended polymer chains. The tensile strength and elongation to break as-spun fibers were only 38 MPa and 6%, respectively. After cold-drawing six times in ice water, the tensile strength increased to 121 MPa. The elongation to break was also increased by cold-drawing because the molecular chains aligned in the drawing direction and molecular entanglements decreased during cold-drawing. The tensile strength of two-step-drawn and annealed fibers increased with the ratio of two-step drawing. When the total drawn International Journal of Polymer Science 7 ratio reached 60 times (cold-drawn six times and twostep drawn ten times), the tensile strength increased to 1320 MPa. The strong P(3HB) fiber had a core-sheath structure with only a 2 1 helix conformation ( -form) in the sheath region and with both a planar zigzag conformation ( -form) and a 2 1 helix conformation ( -form) in the core region.
Tanaka et al. [77, 78] prepared strong P(3HB-co-3HV) fiber using P(3HB-co-3HV) with low molecular weight. The processing procedures were as follows. Isothermal crystallization of amorphous P(3HB-co-3HV) fiber was held in ice water for a certain period to prevent rapid crystallization and grow small crystal nuclei. One-step drawing after isothermal crystallization was performed with a stretching machine at room temperature, followed by an annealing step at 60 ∘ C for 30 min in a hot oven in order to fix the extended polymer chains. One-step-drawn fibers that were isothermally crystallized for 24 h were opaque and their maximum total DR was ca. 10 times with initial length of sample. The tensile strength of as-spun fibers was ca. 30 MPa independent of isothermal crystallization. The tensile strength of a 10 times one-step-drawn fiber without isothermal crystallization was 90 MPa. However, the tensile strength of a 5 times one-step-drawn fiber after isothermal crystallization increased to 710 MPa. Moreover, the tensile strength of a 10 times one-step-drawn fiber after isothermal crystallization further increased to 1065 MPa. This drawing method after isothermal crystallization near was an attractive procedure to obtain strong fibers from P(3HB-co-3HV) with low molecular weight. In addition, one-step-drawn P(3HB-co-3HV) fibers after isothermal crystallization do not have the core-sheath structure observed in cold-drawn and two-step-drawn UHMW-P(3HB) fiber.
Generally speaking, it was thought that the improvement in mechanical properties of P(3HB) and P(3HB-co-3HV) fiber was due not only to the orientation of molecular chains, but also to the generation of a zigzag conformation and network structure, formed by fibrillar and lamellar crystals during processing [79] . Tanaka et al. [77] thought that the presence of the -form crystals with a planar zigzag conformation was an important factor to generate high-strength P(3HB) and P(3HB-co-3HV) materials. The mechanism for generating the planar zigzag conformation ( -form) in high-strength P(3HB-co-3HV) fibers by different drawing methods including cold-drawing and twostep-drawing and one-step-drawing after isothermal crystallization was illustrated in Figure 6 . For UHMW-P(3HB) fiber by cold-drawing and two-step-drawing, the -form with lamellar crystals was produced by cold-drawing and then the -form structure with planar zigzag conformation developed during the stretching in the second dimension of the constrained amorphous chains between -form crystals, as shown in Figure 6 (a). The mechanism for the development of -form crystals for one-step-drawn P(3HB-co-3HV) fibers after isothermal crystallization, as shown in Figure 6 (b), was likely to be different from the case of cold-drawn and twostep-drawn fibers. Firstly, many small crystal nuclei grew in the amorphous region by slow crystallization during isothermal crystallization near the . Secondly, the -form was developed by the stretching of molecular chains in the constrained amorphous region between small crystal nuclei, which acted as cross-linking points. Lastly, the -form lamellar crystals with various thicknesses were generated from the small crystal nuclei during annealing. It is worth noting that the mechanical properties of commercial-P(3HB) and P(3HB-co-3HV) fibers prepared by one-step-drawing after isothermal crystallization were higher than in the case of UHMW-P(3HB) and P(3HB-co-3HV) fibers [78] . The reason was as follows. In the case of the low-molecularweight polymer, since the molecular length between the entanglement points of the small crystal nuclei seemed to be almost equivalent to the distance between the entanglement points, it was suitable for generating the extended chains. In the case of UHMW-polymer, because the molecular length between the entanglement points was too long, the molecular chains after stretching could not orient sufficiently [78] .
Though the presence of the -form crystals with a planar zigzag conformations was in general considered to be an important factor to generate high-strength P(3HB) and P(3HB-co-3HV) fiber, Furuhashi et al. thought that the changes in the orientation, number of tie molecules, and other details of the fiber morphology might be more significant in determining the mechanical properties than the relative amounts of -and -forms [75] .
Summary
P(3HB) and P(3HB-co-3HV) are renewable, biodegradable, and thermoplastic with good biocompatibility, which can solve the problems including the shortage of fossil fuels and environmental pollution resulting from nondegradable polymers. In addition, P(3HB) and P(3HB-co-3HV) can be used widely in the medical field. However, some drawbacks for P(3HB) and P(3HB-co-3HV) exist, including brittleness, poor thermal stability, slow crystallization rate, and so on, which restrict the wide application of P(3HB) and P(3HB-co-3HV). It is well known that the properties of polymer are determined by condensed structures of polymer, which are determined by chemical structure and processing fields. Therefore, chemical modification of P(3HB) and P(3HB-co-3HV) should be done to modify the chemical structure of P(3HB) and P(3HB-co-3HV). In addition, the effect of processing fields and chemical structure on the condensed structures and the properties of P(3HB) and P(3HB-co-3HV) should be studied. In this review, it can be seen that the spherulitic morphologies of P(3HB) and P(3HB-co-3HV) can be modified completely by chemical modification of P(3HB) and P(3HB-co-3HV). In addition, the mechanical properties of the different P(3HB) and P(3HB-co-3HV) fibers obtained by different processing conditions are different completely. Therefore, chemical modification of P(3HB) and P(3HB-co-3HV), the relationship between condensed structure and properties of P(3HB) and P(3HB-co-3HV), and chemical Figure 6 : Mechanism for generating the planar zigzag conformation ( -form) in high-strength P(3HB-co-3HV) fibers by different drawing methods: (a) cold-drawing and two-step-drawing, and (b) one-step-drawing after isothermal crystallization. The vertical arrows indicate the drawing direction [77] . structure and processing fields have been the focus of this study.
